nuclear fraction of liver homogenates, and Branster (1958) showed that the activity per nucleus was essentially the same in intact liver cells as in nuclei isolated from the same tissue. Preiss & Handler (1958) (Atkinson, Jackson & Morton, 1960; .
Competitive inhibition of this enzyme by analogues of nicotinamide mononucleotide or nicotinic acid mononucleotide affords a possible means of control of pyridine nucleotide coenzyme levels in tissues (Morton, 1958) and therefore the interaction between the enzyme and its substrates has been studied. This paper describes the effect of pH and of concentration of nicotinamide mononucleotide on the rate of formation of nicotinamide-adenine dinucleotide and on Km for nicotinamide mononucleotide. Preliminary accounts of this work have been given (Atkinson, Jackson & Morton, 1958; Jackson, 1960) .
EXPERIMENTAL
Abbreviation&. ATP, adenosine triphosphate; NAD, nicotinamide-adenine dinucleotide (a-isomer, a-NAD); NMN, nicotinamide mononucleotide.
Materials
Nicotinamide mononucleotide adenylyltransferase. The nuclear fraction of pig liver was prepared essentially as described by Allfrey, Mirsky & Osawa (1957) for thymus nuclei. The nuclei were extracted with 0-25M-sucrose0l15rv-NaCl-O-01M-sodium phosphate (pH 6.5) for 15 min. at 20 and centrifuged for 20 min. at 900g. The washed nuclei from 400 g. of fresh liver were diluted to 1-2 1. in a solution containing 0-2M-Na2HPO4-0-1 mM-ethylenediaminetetra-acetate, stirred for 30 min. at 200 and centrifuged at 3000g for 60 min. The combined supernatant (2.9 1.) from several batches of nuclei was brought successively to 5, 15, 30 and 45 % (v/v) of acetone at -20 to -100. The precipitate obtained between 15 and 30% of acetone was dissolved in water and dialysed against 0.1 mmethylenediaminetetra-acetate (pH 7) at 20. The supernatant (420 ml.) obtained after centrifuging at 20000g for 20 min. at 0-20 contained 69 units (see Methods) of NMN adenylyltransferase. The solution was adjusted to pH 7*4 and the enzyme was adsorbed by two successive additions (30 ml.) of calcium phosphate gel (30 mg./ml.). The gel was washed twice with 0 02M-sodium phosphate, pH 7-0 (200 ml.), and the enzyme was eluted with 0*5m-K,HPO4 Nucleotide pyrophosphatase. This was prepared from potatoes essentially as described by Branster & Morton (1956) up to the first ethanol precipitate, which was dissolved in water, adjusted to pH 5.0 and centrifuged at 5000g for 30 min. at 00. The supernatant was stored at 20; there was little decline in activity during several months.
Myosin-adenoine triphosphata8e. This was purified from rabbit skeletal muscle as described by Perry (1955) . Nicotinamide-adenine dinucleotide nucdeo8idase. This was prepared from Neurospora crassa (wild type) according to Kaplan (1955) (Kornberg & Pricer, 1950) until no more alkali was needed to keep the reactants at pH 7. The nucleotide was purified by passage through Dowex 1 acetate and Dowex 50 (H+) or Zeo-Karb 225 (H+) (Plaut & Plaut, 1954; Haynes, Hughes, Kenner & Todd, 1957) . Dowex 1 chloride was used instead of the acetate in purification of NMN used for determining the' pK.
(b) NAD and pyrophosphate were converted into NMN and ATP with NAD adenylyltransferase (Kornberg, 1950; Klenow & Andersen, 1957) ; ATP was removed with added myosin-adenosine triphosphatase. After Haynes et al. (1957) found [a] 20 -24°formaterial prepared from ribose. NMN prepared as in (a) or (b) was converted to the same extent into reduced NAD with ethanol in the presence of alcohol dehydrogenase and NMN adenylyltransferase at pH 9*4. This coupled assay is specific for the ,-anomer of NAD, as shown by tests with purified ac-NAD, and indicates the presence of no more than 2 % of oc-anomer in the NMN.
Buffers and inorganic reagents. These were A.R. grade (British Drug Houses Ltd.) except glycylglycine, which was laboratory-reagent grade.
Methods
Apparent pK of nicotinamide mononucleotide. NMN (20 ml., 17 mm) was titrated at 250 with 0-2N-NaOH (free of CO2) from pH 2-2 to pH 8-0 and with 0*1N-HCI from pH 8-0 to pH 3-5. The apparent pK was 6-2±0-05.
Phosphorus Assay of nicotinamide-adenine dinucleotide adenylyltransferase. (a) Assay for enzyme preparation. Enzyme (0-6 ml.) was added to 0 4 ml. of solution at pH 7-5 and at 370 containing 4temoles of ATP, 4fumoles of NMN, 15,umoles of MgC12 and 150,umoles of glycylglycine. After 10 min., 1-5 ml. of 0*5N-trichloroacetic acid was added; any precipitate which formed was removed by centrifuging at 20. Then 2-0 ml. of the supernatant was mixed in a cell of 4 cm. light-path with 3-0 ml. of solution containing 94 mg. of glycine, 50 mg. of NaOH and 0-15 ml. of ethanol; the pH was about 9*5. The concentration of NAD was estimated from the increased absorption at 340 m,u (corrected for the blank) after addition of 10dul. of alcohol dehydrogenase. One unit of NMN adenylyltransferase catalysed synthesis of 1 !emole of NAD/min. under these conditions. Whereas this procedure gave true rates and sufficed for estimation of enzymic activity, at lower concentrations of NMN the rate of NAD formation decreased with time. With 3-3 mm-and 1-3 mM-NMN, the apparent reaction rates estimated from NAD formed after 5 min. were 97 % and 87 % respectively of the corresponding apparent rates at 2 min. For the kinetic studies described here, the procedure (b), in which there was a lower proportional conversion of NMN into NAD, was used.
(b) Assay for kinetic studies. A composite buffer (0.8 ml.)
containing 208,umoles each of acetic acid, succinic acid, glycylglycine and glycine adjusted to a suitable pH with KOH was mixed with 0 75 ml. of a solution containing 12,umoles of ATP and 45 jcmoles of MgC12 adjusted to pH 6-6 and with 1-2 ml. of NMN. These reactants (in a tube, 120 mm. x 15 mm., covered with a polythene sheet) were mixed and brought to 25.00. After addition of 0-25 ml. of enzyme, the tubes were inverted three times within 5 sec. and kept at 25.00 for the assay period (usually 4 min.). The reaction was stopped with 1.0 ml. of 1-2N-trichloroacetic acid; the tubes were inverted as before, cooled in ice for several minutes and centrifuged at 20. Then 3.5 ml. of the supernatant was mixed with 1-5 ml. of a solution containing 164 mg. of glycine, 87.5 mg. of NaOH and 0-15 ml. ofethanol in a 4 cm. cell; the pH was about 9 5.
NAD formed during the reaction period was determined as in (a).
The pH was measured with a glass electrode at 25.00 in duplicates of all reaction mixtures used in kinetic studies of NAD formation with the adenylyltransferase. Variation of pH with concentration of NMN and variation of pH during the reaction period were less than 0-02 pH unit. Recovery of added NAD in this assay system was 100+2%.
With this procedure, the rate of formation of NAD did not vary with period of incubation by more than 1% at substrate concentrations between 0-14 and 1-4 mm-NMN in the range pH 4-97-10-55.
Rates of NAD formation (v, smoles/min./mg. of protein)
were measured as in (b) above at 5 or 6 concentrations of NMN (s, m) at each of 17 values in the range pH 4-97-10-55. There was a linear relationship between l/v and 1/8 when s was less than 1-5 x 10-3; at higher concentrations there was inhibition by NMN, resulting in deviation from linearity.
To correct for the slight decrease in activity of the adenylyltransferase preparation during the period of several weeks necessary for these studies, an assay of activity at pH 7-6 and at 1-4 mi-NMN was included with each set of reaction mixtures. The observed rates were then multiplied by the appropriate factor to permit expression of all rates on the same basis. It was found that l/v was a linear function of 1/8 between pH 4*97 and 10-55 and for 8 between 0-14x 10-3 and 1 x 103. Initially, Km and V' were determined graphically from the expression (Lineweaver & Burk, 1934; cf. Dixon & Webb, 1958) :
RESULTS AND DISCUSSION
To avoid possible errors arising from subjective fitting of the line in the graphical method, a more reliable procedure for determination of these parameters was sought. As described in the next paper (Wilkinson, 1961) , least-squares fitting of the relationship v = V'/(1 +Km/8) gives the best estimate of both Km and V' and the standard errors of these values. Table 1 shows the results obtained with the statistical method of Wilkinson (1961) for each of the 17 pH values.
In the present study, there was a minimum value of Km near pH 8, and at higher or lower pH values there was a continuous increase of the type which has been attributed to changes in ionic species of enzyme or substrate or enzyme-substrate complex. Dixon (1953) , Waley (1953) and Laidler (1955a, b) (Wilkinson, 1961) . In the logarithmic form, these values were: Piz., 4-10 + 0-019; pK1, 5-76 ± 0-048; pK2, 9-97 ± 0X069. Fig. 1A shows the variation of pKm with pH; the theoretical relationship for these values of PKm, pK, and pK2 is shown by the line. Dixon (1953) and Dixon & Webb (1958) have
shown that whereas such changes of pKm with pH may be due to dissociation of groups in the enzyme, the substrate or the enzyme-substrate complex, only the last of these causes a unit change of the slope in the line relating log V' to pH. It is evident from Fig. 1 B that no such unit change occurs between pH 4-95 and 10-55 in the interaction of NMN and NAD adenylyltransferase. Hence the apparent pK values of pH 5-76 and 9-97 must be those of groups in the enzyme, in the enzyme-ATP-magnesium complex or in the NMN.
Reactive groups which influence interaction of nicotinamide mononucleotide with the enzyme (a) The group with apparent pK 5-76. The apparent pK of the second dissociation from the phosphoryl group of NMN was 6-2 + 0-05 (see Methods). Unless the ionic species of NMN with singly dissociated phosphoryl group (R 0 O * P03H ) and that with doubly dissociated phosphoryl group (R-0 -PO2) participate to the same extent in NAD formation, a change of slope corresponding to this pK would be expected in the pKm-pH relationship (Dixon, 1953) . NAD formation almost certainly involves nucleophilic attack on the a-phosphorus of ATP (or its magnesium complex); the doubly dissociated form of NMN, having a greater availability of electrons, is clearly a more effective reactant in such a system. The pK of 5-76 + 0-05 is therefore allocated to the phosphoryl group of NMN. As pointed out by Danielli & Davies (1951) and by McLaren & Estermann (1957) , the effective hydrogen-ion concentration close to a charged surface differs from that measured in the bulk of a solution with a glass electrode. Although nothing is known yet of the charge distribution in the vicinity of the reactive site of NMN adenylyltransferase, our unpublished studies indicate that the isoelectric point is close to pH 7. If there is a net positive charge near the reactive site of the enzyme at pH 5-8 repulsion of hydrogen ions would result in a lower pH at the electrode than at the reactive site. The discrepancy of 0-4 pH between the pK of NMN and its apparent pK at the enzyme surface may well be due to this effect. This source of discrepancy seems to have received little attention in published studies of pKm-pH relationships.
If the phosphoryl group of NMN in the enzymesubstrate complex was free to associate with a second proton, the pK of this association would be expected to be near pH 6. A corresponding unit change of slope about pH 6 should therefore appear in the plot of log V' against pH. The absence of such a change of slope (Fig. 1 B) indicates that the phosphoryl group in the NMN-enzyme complex is not free to associate with a second proton. Hence it seems likely that the phosphoryl oxygen is bound either to magnesium or directly to the ocphosphorus atom of the enzyme-ATP-magnesium complex. Analogous reactions have been discussed by Lowenstein (1960) for the non-enzymic displacement of pyrophosphate from ATP by orthophosphate, and by Callaghan & Weber (1959) (Todd, 1960) , and it seems likely that such derivatives may be intermediates in enzymic reactions involving ATP.
The concentrations of ATP and Mg2+ ions used in these studies were considerably greater than the corresponding Km values at pH 7-4 (ATP, 0-46 mM; Mg2+, 0-2 mM) reported by Kornberg (1950) . Since the maximum rates reported here were calculated for infinite concentration of NMN, but not for infinite concentrations of ATP and Mg2+ ion, these rates have been designated V' rather than V, which has been reserved for the limiting rate calculated for infinite concentrations of all substrates. The slight decrease of log V' at the extremes of pH (Fig. 1 B) is probably due to the concentration of the effective ATP-magnesium complex falling below that necessary to saturate the enzyme. At these extremes of pH there is competition for the components of the complex by H+ or OH-ion.
(b) The group with apparent pK 9-97. As NMN has no dissociation near pH 9-97, the unit change of slope about this pH (Fig. 1A) may be due to association of an OH-ion with a group in the enzyme or in its ATP-magnesium complex.
Alternatively the change of slope may result from the dissociation of a proton from a group in the enzyme or in the enzyme-ATP-magnesium com-322 1961
